We report for the first time inelastic X-ray scattering measurements of the atomic collective excitations of an early transition metal, namely liquid titanium at T=2020K. The data show well-defined sound excitations with a low damping constant comparable to the damping observed in liquid alkali metals. Calculations of the spectrum of density fluctuations as a function of the excitation wave number based on a self-consistent mode-coupling approach were carried out. The calculations use only the number density and measured structure factors for the titanium and have no adjustable parameters. A remarkable agreement between the prediction of mode-coupling theory and experimental results was observed.
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The microscopic dynamics of liquid metals has been a subject of investigation since the first inelastic neutron spectrometer became available in 1950s [1] . The objective of these studies comprises both collective and singleparticle motions and their damping at a length scale of interatomic distances.
Extensive studies of liquid alkali metals have been carried out with inelastic neutron scattering [2] [3] [4] and inelastic X-ray scattering (IXS) [5] [6] [7] [8] [9] . These studies show in general a very low damping of sound modes, which follow a solid-like dispersion and become over-damped only close to the first peak of the structure factor. At the same time, various theoretical attempts have been proposed to interpret data on density and current fluctuation spectra of simple liquids, e.g. generalized kinetic equations, generalized hydrodynamics and mode-coupling theory [10] [11] [12] [13] .
The transition metals are distinguished by the presence of a relatively narrow band of d electrons with large values of the density of states [14] . The presence of the d electrons in molten transition metals was discussed recently in the context of possible formation of icosahedral short-range order in the liquid structure [15] .
We have used high-resolution IXS spectrometry to measure the dispersion of high-frequency sound waves in molten titanium at T=2020K (T m = 1940K). The melting of the material was achieved using a containerless levitation setup. Levitation techniques (aerodynamic [16] [17] [18] , electromagnetic [19] , electrostatic [20] levitation) have the unique capability of allowing the study of materials with a high melting temperature. The advantages are 1) preventing contamination or oxidation and 2) reducing the number of nucleation sites, which allow the study of liquids in both the equilibrium and supercooled state. The IXS measurements presented in this paper show defined excitations with a low damping constant up to the first maximum in the structure factor. To understand the experimental data, we have used the modern version of mode-coupling theory (MCT) [21] [22] [23] [24] to calculate the dynamical structure factor of liquid titanium. In the present version of MCT, the only inputs for the calculations are the number density and static structure factor. This is unlike the original version of MCT [13] , which requires the knowledge of the interatomic pair potential.
The experiment was carried out at the high-resolution IXS beam line 3ID-C at the Advanced Photon Source (APS). The synchrotron beam is monochromatized by a diamond double-crystal monochromator at 21.657 keV. This beam becomes further monochromatized by an inline cryogenically cooled monochromator, where energy scans were carried out by rotating the cryogenically cooled inner crystal. The beam is focused by a totalreflecting mirror to a spot size at the sample of 300 µm horizontally and 250 µm vertically. The scattered radiation of the sample is collected at 6 m distance by silicon analyzers in a backscattering geometry of Bragg angle 89.98
• using the Si (18 6 0) reflection. The data were collected using 4 analyzers simultaneously with 4 elements CT detector. The separation between two adjacent analyzers is ∆Q=3.2 nm −1 . The total energy resolution was measured to be 2.2 meV. Due to the small absorption length in titanium, the reflection scattering geometry was chosen, scattering off the side of the sphere to maximize the scattered photon intensity. The sample position was optimized for each set of Q values.
The spherical sample (99.999% pure titanium) had a diameter of 2.2 mm (∼ 40 mg), and it was levitated using argon gas with flow of ∼350 SCCM and a background pressure of the chamber of 400 mTorr. It was heated with a 270-W CO 2 laser beam. The temperature was measured by a pyrometer directed at the upper part of the sphere with an emissivity value of 0.33. The fluctuation of the temperature during the measurements was less than 10K. The lifetime of the levitated liquid titanium sphere varied between 6 to 8 hours and was limited by sample evaporation. A CCD camera was used to monitor the samples. No rattling or alteration of the spherical shape of the sample, which would indicate solidification, was observed. We also confirmed the melting of titanium by observing the recalescence at the solidification of supercooled titanium.
The IXS data and the fits are shown in Fig. 1 for different Q values. The data show well-defined sound excitations propagating to high Q-values beyond the first maximum of the structure factor (Q max ∼ 26 nm −1 [15] ). The data contain a background due to the Ar atmosphere. This background was substracted by means of an empty-cell measurement, which showed the expected Gaussian S(Q, ω) of the free argon gas.
The corrected data were analyzed with a fit function used previously in connection with a generalized hydrodynamic model [25] , which can be written as follows:
where n(ω) is the thermal occupation factor, and
determines the asymmetry of the side peaks, and A 0 = 1 − 2A s . The fit parameters are S(Q), Γ 0 , Γ s , A s , and ω s . Expression (1) fulfils the zero-and second-frequency moment sum rules for S(Q, ω) [25] . The fit function S(Q, ω) was convoluted with the instrument resolution function.
We report in Fig. 2 the dispersion relation Ω= ω 2 s + Γ 2 s of the sound modes as a function of momentum transfer. The linear Q dependence of the dispersion Ω, corresponds to a longitudinal sound velocity c ∞ =4520±50 m/s. This measured sound velocity is about 2.5% higher than the adiabatic sound velocity [26] as shown by dashed dotted line in Fig. 2 . In addition to the sound dispersion, Fig. 2 shows Γ s (half width at half maximum, HWHM) of the sound excitation peaks. The damping of the excitations is comparable to that of liquid lithium [5, 27] and liquid nickel [28] . [15] , and the dotted lines are MCT calculations using Waseda's structure factor [29] .
In addition to inelastic excitations in the spectrum of density fluctuations, we have studied the quasi-elastic peak. At the lowest Q values, the elastic scattering was dominated by scattering from the argon gas inside the levitation chamber, therefore reliable extraction of the height and width of the central line was impossible. For Q above 5nm −1 the height of the central peak at zero energy transfer can be related to the generalized longitudinal viscosity η l (Q) according to Refs. [30] and [13] ,
where ρ is the mass density and v 0 = k B T /m is the thermal velocity, where m is the atomic mass of titanium. The longitudinal viscosity η l (Q) as a function of momentum transfer is shown in Fig. 3 . The longitudinal viscosity at Q = 0 is related to the shear viscosity η s and bulk viscosity η b through η l = Fig . 4 shows the HWHM of the central peak extracted from the data. The width shows a minimum at Q values where S(Q) has it is first maximum. This is well known as de Gennes narrowing [32] , which was observed in several liquids [33] . ηs for the shear viscosity is marked [31] . The solid lines are the MCT calculations using Lee's structure factor [15] , and the dotted lines are MCT calculations using Waseda's structure factor [29] . The solid lines are the MCT calculations using Lee's structure factor [15] , and the dotted lines are MCT calculations using Waseda's structure factor [29] .
So far, the analysis was carried out in terms of the phenomenological fit functions. In this way the experimental data were fitted successfully, but, from recording the dispersion and linewidth function, one does not obtain an understanding of the mechanism that leads to these particular features. One of the most successful approaches for a microscopic description of liquid dynamics is the mode-coupling theory (MCT). In its original version [12, 13] the memory functions for the current fluctuation spectra were related to pair modes of density and current correlations. In terms of this approach early measurements of neutron scattering experiments on argon and liquid metals were successfully interpreted. Later a much simpler version [21, 24] was found to successfully describe the slow anomalous relaxation processes in the vicinity of glassy solidification [21] [22] [23] [24] . In contrast to the earlier version, this theory has as input only the static structure factor S(Q) and predicts the density fluctuation spectrum S (Q, ω) , or, alternatively its Fourier transform
iωt . The intermediate scattering function F Q (t) obeys quite generally the following generalized Langevin equation [10, 11] 
The memory function M Q (t) is a correlation function of fluctuating forces, which contains details about relaxation and sound damping in the liquid. It has been the starting point for phenomenological model descriptions in the past. For instance, one obtains the damped harmonic oscillator model if it is proportional to a delta function: M Q (t) = Γ Q δ(t). In the viscoelastic approaches an exponential decay of M Q (t) governed by one [34] or two relaxation times [33] is assumed.
Within the recent MCT scheme [21, 24] , the memory kernel M Q (t) describes the cage effect of dense liquid and is given in terms of products of intermediate scattering functions (4) the coupling coefficient (vertex) V Q,Q1,Q2 depends only on the static structure factor S(Q) and the number density of the liquid as input parameters [21, 24] We have calculated F Q (t) by means of MCT for liquid titanium at number density n = 51.4 atoms/nm 3 . The calculations were carried out using 120 Q values between 0-12Å −1 and 10,000 time steps from 0 to 5 ps. For the static structure factor we used two different data sets from Waseda [29] and from Lee et al. [15] , which were extrapolated below 10nm −1 to the S(Q = 0)=.0278 [35] , which is related to the isothermal compressibility. We have also investigated the effect of a lower cut-off at about 5Å −1 . There was no remarkable difference of the results compared to those obtained with a cut-off at 12Å −1 . The mode-coupling calculations reveal the intermediate scattering functions, which were Fourier transformed to obtain the dynamical structure factor. S(Q, ω) was fitted with the same fit function used to fit the experimental data. The result of the calculations using Lee's structure factor are shown by solid lines in figures 2-4 and using Waseda's structure factor are shown with dotted lines. The prominent difference in the amplitudes of the two calculated dispersion curves and the IXS data in Fig. 2 originates from small differences in the absolute values of the two static structure factors used in the mode coupling calculations below the first maximum of the static structure factor. At this point we regard this as an evidence that the current level of accuracy of the S(Q) measurements is in this Q-range is not sufficient to predict the dispersion precisely. Also the position of the dip around 24 nm −1 in the calculated dispersions in Fig.  2 and in the calculated widths of the central line in Fig.  fig:centralwidth depends on the different peak positions in S(Q) from the two literature data set. Therefore, considering the large spread in the S(Q) data used as an input, we consider the agreement of the mode coupling calculation with the data for the dispersion in Fig. 2 and the central line widths in Fig. 4 sufficiently good.
On the other hand, the damping of the sound modes, shown as open symbols in Fig. 2 , shows excellent agreement with both calculations, independent of the variations in the structure factors used. Also the values for the Q-dependent viscosity in Fig. 3 , which correspond experimentally to the relative heights of S(Q, ω = 0), agree very well with both sets of calculations. This leads to the main conclusion of this paper, namely that damping of the low-Q sound modes in liquid titanium is dominated in the mode coupling calculations by the height and the width of the first peak of the structure factor, rather than the details of the structure factor at low or high Q. Further, the simplified mode coupling approximation, using just the decay into two longitudinal modes and neglecting the coupling to transverse modes seems to be sufficient to describe the sound damping quantitatively within 10 % over most of the Q-range investigated. So the cage effect, which produces the glassy arrest at high densities also appears to dominate the less viscous, liquid regime. Our investigation also demonstrates that liquid titanium behaves like a simple liquid, resembling liquid alkali metals or liquified rare gases.
In conclusion, the inelastic X-ray scattering technique has been used to study the high-frequency sound modes in molten liquid titanium at a length scale of interatomic distances for the first time. The data show low damping modes propagating beyond the first maximum in the structure factor. The dispersion and generalized viscosity are reduced from the data. We have shown that a detailed explanation of the dynamics of a liquid transition metal can be achieved using the same sort of modecoupling theory that describes the structural arrest at higher densities. There is astonishingly good agreement between experiment and theory for the sound dispersion and attenuation without any adjustable parameters.
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